[1] To understand the role of hydrated clay minerals in active fault systems, a humidity chamber connected to an X-ray diffractometer was used to determine the adsorption of water onto and/or into the crystal structure of smectite. This new type of analysis was carried out under specific temperature and humidity conditions, using powdered clay size fractions (< 2 mm) of rock samples from the San Andreas Fault (USA) and the Nankai Trough (Japan). Pressure cannot be controlled, but does not significantly affect clay swelling at shallow conditions. Air-dried samples show a discrete smectite phase that swells after traditional ethylene glycolation to an interlayer distance of 1.5 and 1.7 nm. Using the humidity chamber, however, the samples show a shorter interlayer distance, between 1.09 and 1.54 nm. Based on our analysis, we show that (i) ethylene glycol overestimates the size of the interlayer space, and therefore water content, so is a crude maximum only; (ii) interlayer swelling occurs in smectite clay minerals at all temperatures between 25 and 95 C; and (iii) particle orientation increases with increasing humidity, indicating a higher mobility of smectite from interlayer hydration. Detailed characterization of the hydration state of smectite under original conditions is critical for understanding of clay-fluid interaction, the mechanical behavior during fault displacements, and fluid budgets at depth. We propose that humidity chamber experiments should be the new standard procedure to constrain swelling characteristics of natural and synthetic clay minerals.
Introduction
[2] Smectite clay minerals, together with illite, chlorite, and mixed-layered clay minerals, are the most important low-temperature alteration products in fault rocks, and the presence of those hydrous aluminum phyllosilicates is increasingly evoked as controlling creep and slip in shallow sections of active fault systems [Wu et al., 1975; Schleicher et al., 2010; Lockner et al., 2011; Holdsworth et al., 2011; Bradbury et al., 2011] . One key characteristic of smectite clay minerals is the ability to absorb interstitial water onto and/or into their crystal structure, which reduces the interparticle attraction and thus contribute significantly to their weakness. Many laboratory experiments have been carried out on smectite-rich rocks assessing the stick-slip and creep behavior of faults [e.g., Saffer and Marone, 2003; Moore and Lockner, 2007; Morrow et al., 2007; Ikari et al., 2009; Carpenter et al., 2009 Carpenter et al., , 2011 Collettini et al., 2011] . [3] To understand the material behavior of a fault, and in particular the stick-slip behavior of smectite-bearing faults, it is crucial to investigate the characteristic clay minerals and their swelling performances. The identification of smectite and smectite mixed-layers relies on their basal reflections (d-spacing), which depends on the degree of water intake and the nature of the interlayer cations [e.g., Laird, 2006; Drits et al., 1994] . The water molecules migrate into the interlayer space from the particle edges, attracted by the positively charged interlayer cations. Due to their dipole forces, they arrange around the cations and form, water layers. The most common cations in the interlayer space are Na + , Ca 2+ , or Mg
2+
, which are able to substitute other cations in both the tetrahedral and octahedral positions [Brindley and Brown, 1980] . The cation substitution, as well as water uptake or release occurs easily due to changes in temperature, pressure, or fluid chemistry. Unless particular care is taken to control the temperature and humidity in the laboratory, the interlayer hydration is likely to be variable from layer to layer and the resulting basal reflections will not conform to integral orders of diffraction in accordance to Bragg reflection law.
[4] X-ray diffraction (XRD) analysis identifies smectite or mixed-layer smectite based on the shift of the characteristic (001) peak due to expansion or contraction of the interlayer space [Moore and Reynolds, 1997; Brindley and Brown, 1980] . Bradley [1945] and Mac Ewan [1948] showed that organic compounds, such as ethylene glycol, glycerol, and others, will enter the interlayer space and replace the water molecules in the interlayer space, which causes swelling. This radical displacement of molecules may give misleading data on swelling properties, resulting in the need for special sample preparation and X-ray analysis. In this paper, we propose a novel analysis to investigate the hydration behavior of smectite that combines X-ray diffraction analysis in a temperature-controlled hydration chamber, simulating natural in situ processes in the laboratory (Figure 1 ). Using this new approach, we quantify the hydration state of smectitic clay minerals, and its relation to temperature, depth, and fluid-rock chemistry. The properties have direct application to natural, clay-bearing fault rocks and synthetic samples used in laboratory experiments.
[5] We investigated smectite-bearing rocks from two different fault systems, the San Andreas Fault
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Humidity chamber Goniometer X-ray tube and beam optics Figure 1 . Setup of humidity chamber on a Rigaku XRD in Bragg-Brentano geometry. Textured sample was measured at constant RH and temperature after 30 min of acclimatization for each step. Measurement ranged between 2 and 14 2θ and a step width of 0.02 2θ, 2 s each step.
zone in western USA and the Nankai Trough subduction zone offshore Japan (Figure 2 ). The smectite formed authigenically in the actively creeping zone of the San Andreas Fault [Schleicher et al., 2010 , whereas the smectite in the Nankai Trough belongs to clay-rich sediments and/or altered ash layers in the Kumano Basin and the slope of the underlying accretionary prism [Kinoshita et al., 2009; Saffer et al., 2010] . Because of their connection to active faulting and relatively high amount of smectite, these well-investigated areas offer a great opportunity to examine the properties of smectite clay minerals, to improve our understanding of strength and weakness of active faults, and to study the physical properties of faulting and earthquakes.
SAFOD and NanTroSEIZE Projects
[6] The San Andreas Fault is a~1200 m long dextral transform fault in Central California with a history of earthquakes and creeping segments [Agnew and Sieh, 1978; Hartzell et al., 1996] . To address key issues of fault and earthquake mechanics, a~3 km deep drillhole was drilled through the fault zone. The main hole was drilled to 3997 m measured depth (MD) [Hickman et al., 2004 [Hickman et al., , 2008 . The drilling process ended in summer 2007 with Phase 3, producing cuttings and core from two actively creeping areas, referred as the southwest deformation zone (3196.4-3198.1 m MD) and the central deformation zone (3296.6-3299.1 m MD). These active fault traces are characterized by casing deformation [Zoback et al., 2011] and contain samples with notably low shear strength [Carpenter et al., 2011; Lockner et al., 2011] . The Nankai margin of southwestern Japan has a history of large earthquakes with major tsunamogenic potential [Ando, 1975; Baba and Cummins, 2005] . The NanTroSEIZE project was designed to create a distributed observatory spanning the updip limit of seismogenic behavior at a location where subduction earthquakes occur [Tobin and Kinoshita, 2006] . Several holes have been drilled along the Nankai margin to evaluate the aspects of seismogenic deformation. Expedition 319 includes two drill-sites (C0009 and C0010); site C0009 is located in the Kumano forearc basin,~120 km away from the shore Saffer et al. [2010] . The drillhole is~1600 m deep, and penetrates the Kumano Basin and the
Eurasian Plate
Philippine Plate Pacific Plate N a n k a i T r o u g h Ja p a n T re n ch Japan underlying slope or accretionary prism [Hayman et al., 2012] . Core was taken from 1509.7 to 1593.9 mbsf.
Methods
[7] Mineral assemblages were determined using a Rigaku Ultima IV XRD operating at 40 kV and 44 mA with Cu-Ka radiation. Bulk rock powder samples were measured for general mineral composition, and the < 2 mm fraction was separated for clay mineral analysis. Oriented samples were prepared and measured under air-dried and glycolated conditions. The resulting orientation of the platy clay particles allows their identification by measuring the Bragg-diffraction angle 2θ and the corresponding (atomic) layer distance in nanometers. A special humidity chamber was placed in the Rigaku Ultima IV XRD for humidity analysis (Figure 1) . A thermocouple, heater cable and circulating water were connected to the attachment and the humidity generator. A circulating water tank controlled the temperature in the range between 30 C and 95 C. Temperature and humidity, as well as holding time, measure time, and measure range can be controlled by the specific computer software "TP2" from Rigaku. The samples were measured with Bragg-Brentano geometry between 2 and 10 2θ for 2 s each step and a step-width of 0.02 2θ. Each sample was measured in sequences from 10% relative humidity (RH) to 90% or 95% RH in steps of 10% or 20% RH, respectively, at T = 25, 50, and 75 C. The SAFOD sample was additionally measured at 90 C (see Table 1 ). To reveal the swelling behavior of both samples under controlled relative humidity and temperature conditions, the XRD profiles were decomposed using the peak fitting software MacDiff 4.2.5 [Petschick, 2010] with split-PearsonVII profile functions, and start values typical for discrete hydration states of swelling clay minerals (Figure 3) . Samples were analyzed using inductively coupled plasma-optical emission spectrometry (ICP-OES). The powdered rock samples (100 mg) were digested in 5% trace metal HNO 3 with 1 g of ultra-pure fused anhydrous lithium metaborate and 100 mg of lithium bromide. A Mn solution was used to align the ICP-OES, and calibrated using a blank and a certified high purity standard. 
Mineralogical and Chemical Composition
[8] The X-ray diffraction patterns of the clay size fraction (<2 mm) in samples from the active creeping zone in the San Andreas Fault and from the slope/accretionary sediments in the Nankai Trough show smectite peaks with characteristic peak positions that are changing from the air dried to the ethylene glycol state ( Figure 4 ). The SAFOD sample reveals a smectite phase with a characteristic peak at 1.34 nm under air-dried conditions, which moves toward 1.52 nm after ethylene glycolization, indicating full swelling ability ( Figure 4a ). The clay mineralogy in the NanTroSEIZE sample is more complex, showing several overlapping peaks within the smectite phase under air-dried conditions, like chlorite (~1.46 nm) or illite-smectite (~1.1 nm) ( Figure 4b ). Illite is characterized by a peak at 1 nm, whereas kaolinite might overlap with chlorite at 0.71 nm. Bulk measurements additionally show quartz and minor pyrite in the clay size fraction (not shown here). After ethylene glycolization, the smectite phase moves to 1.7 nm, and the chlorite peak stays as a small hump at 1.4 nm, as expected. The chemical composition of the clay size fraction shows significant differences in the major elements, especially in Mg, Fe, and Ca ( Figure 5 ). Mg and Fe are most abundant in the SAFOD sample with~20 wt %, followed by Al (3.54 wt %), Ca (1.23 wt %), Na (0.28 wt %), and Ti (0.15 wt %). In the NanTroSEIZE sample, the elemental distribution is more homogeneous with 8.89 wt % Al, followed by Ca (3.97 wt %), Fe (4.25 wt %), K (3.01 wt %), Mg (1.31 wt %), Na (1.09 wt %), and Ti (0.35 wt %). The relatively high amount of K is probably due to the occurrence of illite, whereas Fe and Mg are most likely associated with chlorite. increasing humidity. In the SAFOD sample, the patterns reveal homogeneous peaks between 25-90 C. At 25 C, the total intensity ranges from~3500 to 10,000 cps, and the peak shifts from 1.1 to 1.4 nm (7.9 to 6.4 2θ) with increasing relative humidity (Figure 6a) . At 10% RH, the intensity is constant at~3 500 cps and the peaks are relatively broad with two peak maxima at 1.2/1.1 nm (7.2/7.9 2θ). At 20-30 % RH, the peak becomes continuously thinner with only one peak maximum, whereas the intensity increases steadily to~6000 cps. Between 40-95% RH, the intensity increases to~10,000 cps, and the Figure 6 . Humidity chamber analyses of the SAFOD samples: with increasing relative humidity the XRD peaks shift to higher d-values, indicating water uptake and swelling. At all temperatures the peak migration is accompanied by a strong increase in intensity. peak shifts further to 1.4 nm (6.4 2θ). At 50 C, the intensities range between~2000 and~6200 cps, and the peak shifts from 1.1 to 1.4 nm (7.9 to 6.4 2θ) with increasing relative humidity (Figure 6b ). The strongest increase can be recognized between 20-30% RH from 2000-2500 cps. At 75 C, the intensity is much lower than at cooler temperatures ranging between~1500 cps and~4000 cps, but the peaks shift from 1.07 to 1.36 nm (8.2 to 6.5 2θ) with increasing relative humidity (Figure 6c) . A slight decrease in intensity is recognizable between 10% and 20% RH, but then the increase in intensity with increasing humidity is homogeneous up to 4000 cps. At 10% RH the peak is situated at 1.07 nm (8.2 2θ) and moves to 1.36 nm (6.5 2θ) at 95% RH. The lowest intensities are recognizable at 90 C, ranging between 1200 and 2200 cps (Figure 6d ). The peak shifts from 1.06 to 1.32 nm (8.3-6.7 2θ). The intensity decreases slightly at 30% RH, but increases then continuously. One distinct peak shift occurs at 20% RH; afterward, the peak shifts continuously to 1.3 nm (6.7 2θ).
Hydration State
[10] In the NanTroSEIZE sample, all XRD profiles show irregular peak shapes in comparison to a Gaussian-like shape for single phases, indicating an overlap or composition of more than two distinct phases or hydration states (Figures 7a-7c) . In every profile a sharp peak at 1.0 nm (8.8 2θ) can be observed. This peak is identified to reflect illite, a nonswelling clay mineral, because it does not change position with changing relative humidity. Another static peak was found at~1.2 nm (8 2θ) representing an illite/smectite mixed-layered clay mineral with minor swelling capability. Because the present illite peak position is not subject to position change under changing relative humidity conditions, it is used as internal standard for peak-shift corrections. At all temperatures, an increase in intensity and a peak-shift toward higher d-values (lower 2θ) are recognizable with increasing humidity. At 25 C, the peak intensity of the illite-smectite peak decreases from 1500 to 500 cps with increasing humidity; however, the peak itself does not shift toward higher d-values (lower 2θ). In contrast, the intensity of the discrete smectite peak increases continuously from~1000 to~1900 cps at humidity between 10-95% RH (Figure 7a ). The peak shift of the smectite peak is more complicated. At 10% RH, a main peak is recognizable at 1.26 nm (7.0 2θ). That peak becomes more pronounced between 30% RH and 40% RH, but stays at 1.26 nm (7.0 2θ). At 50% RH, the peak shifts slightly from 1.26 to 1.27 nm (7.0 to 6.9 2θ). Between 70 and 95% RH, two peaks are recognizable, with one main peak at 1.4 nm and a smaller peak at 1.3 nm (6.4 and 6.9 2θ). Figure 7 . Humidity chamber analysis of the NanTroSEIZE sample.
The highest d-value occurs at 95% RH with 1.48 and 1.4 nm (6.0 and 6.3 2θ). At 50 C, the peak intensity is slightly lower in comparison to the peaks at 25 C (Figure 7b ). Between 10-50% RH the peak intensity of illite-smectite stays at about 1300 cps, but decreases at 75% RH to 1100 cps, and to 900 cps at 90% RH. The intensity of the smectite peak decreases with increasing humidity from 1600 to 700 cps. The peak shift between 10 and 70% RH is not significant, and stays at 1.27 and 1.26 nm (6.9 to 7.0 2θ). Between 80-95% RH, two peak maxima can be recognized, occurring at 1.36 and 1.26 nm (6.5/7.0 2θ), and 1.39 and 1.26 nm (6.3/7.0 2θ). At 75 C the illite peak decreases slightly at 95% RH and is otherwise very stable (Figure 7c) . The smectite peaks range between 1.26 and 1.27 nm (~7.0 2θ) between 10-70% RH. At 95% RH, two main peaks occur at 1.38 and 1.28 nm (6.4/ 7.0 2θ).
Peak Decomposition
[11] At all temperatures in the SAFOD sample, the decomposed peak positions showed no values typical for discrete n-H 2 O hydration states but intermediate values (Figure 8 ). These were classified as n to n + 1 H 2 O hydration states with n = 0, 1, 2, 3, 4. Additionally, the formation of a superstructure (regular 1:1 interstratification of two phases) was observed over 50% and 70% relative humidity with a peak position at~2.1 nm. Two major observations were made: The most dominant hydration state is the 1-2 H 2 O state, which showed an increase in intensity from~2000 cps at 10% RH to~9500 cps at 90% RH at 25 C. At 50 C the intensities start at Relative humidity (%) Figure 8 . Decomposed peak intensities (cps) plotted against relative humidity based on the SAFOD and NanTroSEIZE samples.
~1800 cps increasing up to~6000 cps, from~800 tõ 3300 cps at 75 C and from~800 to 1800 cps at 90 C. Simultaneously, the 0-1 H 2 O hydration state decreases at all temperatures and is being replaced by higher hydration states with increasing relative humidity. Only at 90 C some Mg-rich smectite (saponite) interlayers seem to remain unhydrated or hydrated with one water layer only. All other higher hydration states develop increasingly with increasing relative humidity, but not as dominant as the 1-2 H 2 O state and without replacing each other. However, with increasing temperature it takes higher hydration states longer (at higher relative humidity) to develop.
[12] Analogous observations were made for the NanTroSEIZE sample (Figure 8 ). In contrast to the SAFOD sample, rather discrete hydration states for 1-H 2 O, 2-H 2 O, and 3-H 2 O formed with increasing relative humidity. Only one intermediate state of 1-2 H 2 O developed in addition, which again plays a dominant role over the other states. Additionally, a decrease of intensity of the internal illite standard with increasing relative humidity and increasing temperature was observed, which is caused by an increase of internal atomic-scale motion. At 25 C the intensity of the 1-H 2 O state remains stable at~800 to~1000 cps and decreases down to < 500 cps above 60% relative humidity. At 50 C it increases slightly up to~900 cps until 60% relative humidity and then decreases again. Only at 75 C it develops similar to the intermediate state of 1-2 H 2 O and increases with increasing relative humidity. The higher hydration states of 2-H 2 O and 3-H 2 O kick-in at 20% relative humidity and 40% relative humidity, respectively (25 C), 20% and 60% relative humidity (50 C), and 30%
and 70% relative humidity, respectively, at 75 C and then increase consequently.
Discussion

Mineralogical Effects During Clay Hydration
[13] Hydration and dehydration of smectitic clay minerals is a complex process at the crystal scale that involves constant reorganization of water within interlayers [Ferrage et al., 2007a [Ferrage et al., , 2007b . The relative amount of this water is, among others, a function of the interlayer cations. These cations modify the surface area of the smectite and create water complexes in the interlayer, which differ in number of molecules and/or their spatial disposition [Cuadros, 1997] . The two smectite phases taken from the SAFOD drillhole and the NanTroSEIZE drillhole contain primarily Mg 2+ and Ca 2+ interlayer cations, respectively. Both phases react quickly to changing environmental conditions, and display a wide range of hydration states strongly depending on surrounding temperature and relative humidity. The Mg-rich smectite phase (saponite) from the SAFOD drillhole shows a relatively systematic increase of water layers with increasing humidity, ranging from 1 to max. 2-3 water layers. After Cuadros [1997] , the cations promoting two water layers are Mg 2+ , Ca
2+
, and Sr 2+ . Mg is smaller than Ca and so is its d-spacing, although the number of water molecules per half formula unit remains similar to Ca. It seems that for Mg the same number of water molecules is confined in a smaller volume due to its higher charge to radius ratio. The Ca-rich smectite from the NanTroSEIZE drillhole behaves more heterogeneously in developing water layers in the interlayer spaces. However, the smectite shows always two water layers between 25 and 75 C. Iwasaki and Watanabe [1988] and Mooney et al. [1952] showed that Ca-smectite forms the two water layers at 20% RH, whereas increasing humidity makes the d-spacing increase only slightly. This is likely due to water adsorption on the external surface, but it is also possible that more water molecules are incorporated to fill up the water structure that is already existent in the interlayer.
Influence of Relative Humidity
[14] Both Mg-rich smectite from the SAFOD drillhole and NanTroSEIZE Ca-montmorillonite swell with increasing relative humidity and temperature. However, the water uptake does not occur stepwise from one to the next higher hydration state. Except the lowermost 0-1 H 2 O state for the SAFOD sample, and the 1 H 2 O state for the NanTroSEIZE sample, all hydration states exist simultaneously with preferably 1-2 water layers. This means that different hydration states coexist and the interlayers are filled with water molecules continuously to a maximum of three water layers. The interlayer cations close to the crystal edges hydrate first while the ones further from the edges hydrate later. When water molecules reach the innermost cations to form the first or second water layer, the ones at the edges form the second and third state. Therefore, one single interlayer can contain more than one discrete hydration state, and an intermediate d-spacing will be measured by the X-ray diffractometer. Higher temperatures make the water migration into the interlayers more difficult. Interestingly, the intensities of the different hydration states (phases) also increase with increasing relative humidity. Because XRD intensity or peak height is, among other parameters, a function of the number of parallel crystal layers involved in scattering the X-rays [Moore and Reynolds, 1997] , the number of the relative amount of layers is expected to decrease with increasing water content because water molecules cannot scatter X-rays and the penetrated volume stays the same. This is visible in the illite peak of the NanTroSEIZE sample, where the relative intensity decreases with increasing relative humidity. The relative content of smectite increases due to its increasing volume, whereas the illite volume does not increase. The only parameter that may be responsible for the increase of peak intensity of the smectite phases is the preferred orientation of the particles, which increases with the relative humidity. Here the water molecules increase the distance of the interlayer space, which accordingly decrease the attracting forces between the layers. This allows the crystal particles to rearrange and self-optimize preferred parallel orientation and therefore increases scattered intensity.
[15] The investigation of the swelling behavior in smectite in a closed system under controlled humidity and temperature conditions makes our analyses unique. Measuring the hydration state of smectite using a desiccator filled with water or saltwater usually shows an inaccurate range of water saturation depending on the temperature. Also, ethylene glycol that was used to identify smectite or smectitic mixed-layers, exaggerated the space of the interlayers due to the size of the molecules [Hsieh, 1989; Mosser-Ruck et al., 2005] . The reason for the different swelling behavior in the SAFOD and the NanTroSEIZE samples could be different interlayer cation compositions or layer charge characteristics caused by the unique substitution in the octahedral and tetrahedral layers. The swelling capability could also be affected by processes like alteration or heating. With the humidity chamber, both smectite phases have 1-2 water layers as preferred hydration states at temperatures between 50 and 95 C, which allows meaningful estimates of the water than can be expelled during dehydration.
Influence of Temperature and Pressure
[16] At all temperatures and relative humidity levels, the 1 or 1-2 water layer state are the preferred hydration states. The XRD profiles show a strong reduction of absolute intensity of both the sum curve and the decomposed single phases with increasing temperature. This is a well-known effect observed in XRD profiles caused by an increase of internal atomic-scale motion or oscillation of the electrons with increasing temperature and therefore reducing scattering efficiency [Klug and Alexander, 1974; Brindley and Brown, 1980] . The effect is reversible with decreasing temperature, and has no permanent effect on the material like breaking bonds, destruction of structure or permanent removal of interlayer water (collapse). Another important observation is the strong increase of hydration with temperature and relative humidity values, which is interpreted to be more difficult to form higher hydration states at higher temperatures. [17] In our experiments, we could not measure water uptake as a function of pressure. However, it is known that hydration can induce high swelling pressures for different hydration states, when the surrounding volume is limited [Mueller-Vonmoos and Kohler, 1993] . This is due to the fact that the hydration energy of interlayer cations is much higher than the forces that attract the particles. Theoretically, swelling pressures of more than 100 MPa can occur, and for a Wyoming bentonite (Na-montmorillonite) a pressure of up to 400 MPa was calculated, while forming the first hydration state. For the second hydration state, a swelling pressure of 110 MPa, and for the third, 27 MPa was calculated. All values are based on the adsorption isotherms of montmorillonite [Mueller-Vonmoos and Kohler, 1993] . These numbers appear high compared to the work carried out by Tessier et al. [1998] or Bird [1984] , and are above the effective stresses acting on these faults. Bird [1984] showed in a hydration phase diagram from the Gulf Coast that two water layers can occur in Ca-montmorillonite at 3 km depth with pressure conditions of~60 MPa (lithostatic) and~30 MPa (hydrostatic), whereas one water layer occurs in Na-montmorillonite under the same conditions. He claims that transitions occurring at 300-6000 m depth with hydrostatic pressures are depressed to greater depths by superhydrostatic pressures, but the temperature gradient restricts this depression to about half of that predicted by the isothermal "effective pressure" concept.
[18] The Mg-rich smectite sample from the San Andreas Fault was taken at~2.7 km depth, reflecting a pressure of~80 MPa assuming a general gradient of 30 MPa/km, whereas the sample from the Nankai Trough was taken at~1.6 km depth, reflecting~48 MPa. This means that, theoretically, smectite in the Nankai Trough is able to take 2-3 water layers into their interlayer sheets, and smectite in the San Andreas Fault two water layers. The fact that there are two water layers in both samples shows that the limiting factor is rather temperature and/or cation exchange, but not pressure. Therefore, we conclude that the materials examined here record the hydration states at depth in the same way as we observed swelling under our laboratory conditions. [19] Constraining the water content in SAFOD and NanTroSEIZE samples, it is essential to understand the effect of the hydration state of smectite and its influence on the environment. Following Bird [1984] and Ikari et al. [2007] , we describe the hydration state of Ca-montmorillonite and Mg-smectite based on the number of water interlayers. In the one water layer hydration state, the cation is surrounded by four water molecules, two water layers contain six water molecules, and with three water layers the interlayer cation is surrounded by > 6 water molecules that are randomly oriented around the cation. Using the empirical formula Na 0.2 Ca 0.1 (Al 1.6 , Mg 0.4 ) Si 4 O 10 (OH) 2 for Ca-montmorillonite (taken from MinDat.org), the molecular weight is 367.4 g/mol, plus 18 g/mol for water. Assuming a mixture of Na + and Ca 2+ in the interlayer space and a layer charge of 0.4, dry layers contain < 3.3 wt % water, whereas one water layer arrangements contain 4.4-5.9 wt %, two water layers 7.5-8.8 wt %, and three water layers contain 8.8 wt % of water. With the empirical formula Ca 0.16 (Mg 2.67 Al 0.33 ) (Si 3.34 Al 0.66 ) O 10 (OH) 2 for Mg-smectite [Moore and Reynolds, 1997] , the molecular weight is 405 g/mol and 18 g/mol for water. Assuming solely Ca 2+ in the interlayer space and a layer charge of 0.3 for saponite, dry layers contain < 2.9 wt % water, one water layer arrangements contain 4.4-5.9 wt %, two water layers 7.30-8 wt %, and three water layers >8 wt % water. The values for Ca-montmorillonite from Ikari et al. [2007] and Bird [1984] are slightly different, reflecting Ca-montmorillonite with a different chemical composition. Although Mg-and Ca-smectite have different structural cation substitutions, they typically have the same layer charge of 0.3-0.4 charges per half unit cell. For this reason, they are comparable regarding their swelling ability.
Clay Hydration and Implications for Frictional Strength
[20] When smectite reaches equilibrium with the surrounding environment, the water content in the clay depends mostly on temperature and fluid availability. Even though the amount of water layers decreases from 2-3 to 1-2 water layers with increasing temperature in both the SAFOD and the NanTroSEIZE sample, there are still 1-2 water layers at 75 C and 95 C, reflecting up to~8 wt % of water (Figure 9 ). However, controversial results exist about the stability of water layers at different depth and temperatures. For example, Fitts and Brown [1999] argue that smectite does not contain more than two layers of water with an effective stress as low as~1.3 MPa, and, after Colten- Bradley [1987] , interlayer water content reduces to one layer at 67-81 C, and the remaining layer is expelled at C. The SAFOD sample belongs to an actively creeping section of the San Andreas Fault at~3298 m MD with a temperature of~112 C [Bradbury et al., 2011; Williams et al., 2004] . We observed 1-2 water layers at 95 C in the SAFOD sample ( Figure 6 ). Although lithostatic pressure condition at~3 km depth could not be reproduced in our experiments, smectite swells at this depth with pressures up to 110 MPa for the second hydration state [Mueller-Vonmoos and Kohler, 1993] , negating significant lithostatic pressure effects. The Ca-montmorillonite from the NanTroSEIZE drillhole C0009 was taken at a depth of~1600 m below sea floor, showing temperatures of~48 C [Saffer et al., 2010; Harris et al., 2011] . We observed 2-3 water layers at 50 C, which is a temperature ideal for the occurrence and formation of hydrated smectite. [21] To understand the strength of a crustal fault, the investigation of the frictional properties of a fault gouge is crucial, and the swelling capacities of smectite that forms within the fault gouge. It is generally accepted that the amount of water in smectite interlayers lowers the frictional strength of a fault [e.g., Bird, 1984; Moore and Lockner, 2007; Morrow et al., 2007; Saffer and Marone, 2003] . Ikari et al. [2009] showed the systematics of frictional behavior of montmorillonite-quartz gouge over a wide range of conditions, including water content, applied normal stress, clay content, and sliding velocity. Based on a combination of frictional strength experiments and our observations that smectite can contain interlayer water at depth, we conclude that water content in smectite has a very profound effect on the strength of faults at depth. However, the onset of seismic behavior is much more complicated and requires a combination of all those conditions including the content of other minerals in the fault gouge, clay hydrationdehydration processes, sliding velocities, and pressure and stress state. To determine the relative importance of those factors, more experiments are needed.
Conclusions
[22] Smectite is a common mineral in shallow fault rocks, with Mg-rich smectite dominating in the SAFOD drillhole and Ca-smectite dominating in the NanTroSEIZE drillholes. Both sampling areas investigated in this study are associated with active faulting processes, but formed under different environmental conditions. We demonstrate that carefully controlled humidity chamber experiments offer a more reliable measure of hydration state of smectite than traditional impregnation methods; the latter tend to overestimate the hydration capability of clay.
[23] Based on our experiments, we conclude that (i) smectite water layers occur at the depths where these rocks are sampled, (ii) the degree of hydration state at a given humidity is (relatively) unaffected by temperature up to 75 C-90 C, (iii) particle orientation increases with increasing humidity, suggesting higher mobility of the smectite particles cause by the hydration of interlayer cations. The quantification of hydration state of natural smectite is critical for our understanding of clay-fluid interaction and mechanical properties during fault displacements. Our new approach allows much more reliable determination of water layers in natural clays that can be used to determine mechanical properties in more realistic laboratory friction experiments and provide estimates of the volume of water released during dehydration at depth.
